In order to identify Janus kinase/signal transducer and activator of transcription (JAK/STAT) signalling inhibitors, a cell-based high throughput screening was performed using a plant extract library that identified Nb-(a-hydroxynaphthoyl)serotonin called MS-1020 as a novel JAK3 inhibitor. MS-1020 potently inhibited persistently-active STAT3 in a cell type-specific manner. Further examination showed that MS-1020 selectively blocked constitutively-active JAK3 and consistently suppressed interleukin-2-induced JAK3/STAT5 signalling but not prolactin-induced JAK2/STAT5 signalling. Furthermore, MS-1020 affected cell viability only in cancer cells harbouring persistently-active JAK3/STATs, and in vitro kinase assays showed MS-1020 binds directly with JAK3, blocking its catalytic activity. Therefore, the present study suggested that this reagent selectively inhibits JAK3 and subsequently leads to a block in STAT signalling. Finally, MS-1020 decreased cell survival by inducing apoptosis via down-regulation of anti-apoptotic gene expression. These results suggest that MS-1020 may have therapeutic potential in the treatment of cancers harbouring aberrant JAK3 signalling.
In the early 1990s, the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signal transduction cascade was first discovered by studies on gene induction by interferons (IFNs) Shuai et al, 1992 Shuai et al, , 1993a Shuai et al, ,b, 1994 Velazquez et al, 1992; Watling et al, 1993) . In mammals, four JAK and seven STAT genes have been identified and more than 40 different cytokines and growth factors have been shown to activate specific combinations of JAK or STAT proteins (Schindler et al, 2007) . The analysis of humans and mice lacking JAK and STAT function revealed that these molecules are required for a wide variety of biological processes, including the regulation of immune response and haematopoietic progenitor cells (Nosaka et al, 1995; Park et al, 1995; Thomis et al, 1995; Meraz et al, 1996; Neubauer et al, 1998) .
Recent extensive surveys of primary tumours and cell lines derived from tumours indicate that inappropriate activation of JAK/STAT signalling occurs with high frequency in human cancers (Darnell, 2005) . In particular, STAT3 and STAT5 are often found to be hyper-activated in leukaemia and lymphoma, as well as solid tumours such as breast cancer (Yu & Jove, 2004; Klampfer, 2006) . Persistently-active JAK kinases are also found to be expressed in a variety of blood malignancies, and the activating alleles of JAK1, JAK2 and JAK3 were identified in patients with those cancers. Eighteen per cent of adult T-cell acute lymphoid leukaemia patients carry somatic JAK1 mutations (Flex et al, 2008) , and a majority of patients with myeloproliferative diseases, including polycythemia vera (PV) harbour JAK2 mutation (Baxter et al, 2005; James et al, 2005; Levine et al, 2005; Jones et al, 2009; Kilpivaara et al, 2009; Levine, 2009; Olcaydu et al, 2009 ). This JAK2 mutation, encoding a V617F substitution, promotes JAK2 catalytic activation and cytokine-independent signalling (Kota et al, 2008) . Somatic mutations of JAK3 were also identified in a minority of acute megakaryoblastic leukaemia (AMKL) patients both in Down syndrome children and non-Down syndrome adults (Walters et al, 2006) , and in a patient with acute lymphoblastic leukaemia (Mullighan et al, 2009 ). These observations make JAK and/or STAT proteins attractive therapeutic targets for human cancers.
To identify JAK/STAT signalling inhibitors, we performed a cell-based high throughput screen, using a library of natural products extracted from various plant species and a cultured Drosophila cell line stably expressing a STAT reporter gene. This study identified Nb-(a-hydroxynaphthoyl)serotonin (MS-1020), which blocks STAT reporter activity in Drosophila cells and selectively inhibits JAK3 signalling in mammalian cancer cells. Given that in vitro kinase assays showed that MS-1020 directly blocked JAK3 catalytic activity, MS-1020 proabably inhibits JAK3 activity and subsequently blocks downstream STAT signalling. We also demonstrated that MS-1020 decreased cell viability by inducing programmed cell death via downregulating the expression of anti-apoptotic genes, known STAT downstream targets.
Materials and methods

Cell lines and culture conditions and luciferase reporter constructs
Parental macrophage-like Drosophila Schneider (S2-NP) cells were maintained in Schneider's Drosophila medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 lg/ml streptomycin in an incubator at 25°C. S2-NP-STAT92E cells, which stably express both the 10·STAT92E-firefly luciferase reporter gene and the RNA polymerase III (Pol III)-Renilla luciferase gene, were also grown in the same medium but supplemented with 500 lg/ml G418. The 10·STAT92E-firefly luciferase reporter gene was generated by placing five tandem repeats of a 441-bp fragment (base pairs 89,227-89,667 of scaffold AC093048) in the enhancer of the Socs36E gene upstream of a minimal heat-shock promoterdriven cDNA encoding the firefly luciferase gene (Baeg et al, 2005) . The PolIII-Renilla luciferase control construct was generated by polymerase chain reaction (PCR) amplification of a fragment (base pairs 43,224-43,389 of scaffold AE003823) of the promoter of the D. melanogatser RNA PolIII 128 subunit (RplIII128) and ligation of this fragment into pRL-null (Nybakken et al, 2005) . Hodgkin lymphoma L540 and HLDM-2 cells were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and grown in RPMI 1640 medium containing 100 U/ml penicillin and 100 lg/ml streptomycin with 20% FBS. A breast cancer cell line, MDA-MB-468 and a multiple myeloma cell line, U266, were purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium (DMEM) containing 100 U/ml penicillin and 100 lg/ml streptomycin with 10% FBS. Rat pre-T lymphoma Nb2 cells were kindly provided by Dr Charles Clevenger (Northwestern University) and grown in RPMI 1640 medium supplemented with 10% FBS, 2 mmol/l l-glutamine, 5 mmol/l HEPES, pH 7AE4, 100 U/ml penicillin and 100 lg/ml streptomycin. Human cancer cell lines and rat Nb2 cells were cultured at 37°C in a humidified incubator containing 95% air and 5% CO 2 . Schneider's Drosophila medium, DMEM, RPMI 1640 medium, FBS and penicillin/ streptomycin were obtained from Invitrogen (Carlsbad, CA, USA).
Identification of natural products that inhibit JAK/STAT signalling in cultured Drosophila cells
To identify novel JAK/STAT signalling inhibitors, a cell-based high throughput screening method was performed using a library of the 3600 methanol extracts of various plant species grown in the Korean Peninsula and were obtained from the Plant Extract Bank in the Korea Research Institute of Bioscience and Biotechnology (http://www.pdrc.re.kr/index. asp). S2-NP-STAT92E cells were co-cultured for 24 h with Upd (cytokine)-producing cells, which are parental S2-NP cells transiently transfected with actin promoter-driven Upd using an Effectene transfection reagent (Qiagen, Valencia, CA, USA), in the presence of plant extracts at the concentration of 300 lg/ml. The STAT92E reporter activity was quantified by measuring relative luciferase units (RLU), which equaled the ratio of the absolute activity of firefly luciferase to Renilla luciferase. The cytotoxicity effect of each plant extract was monitored by measuring Renilla luciferase activity, and those that resulted in more than 25% decrease in activity compared with that of control were discarded and no longer considered hits. The primary screen was performed in duplicates, and identified the extract of Phragmites communis, Trin. that blocks STAT92E reporter activity in a dosedependent manner.
Isolation of active compounds from P. communis, Trin. extracts and synthesis of MS-1020
The dried roots of P. communis Trin. were extracted with methanol (MeOH) three times at room temperature. The MeOH extract was suspended in H 2 O, and extracted with n-hexane, ethyl acetate (EtOAc) and n-butanol sequentially. The EtOAc soluble fraction (PCE) showed ability to inhibit STAT92E reporter activity. All fractionation and separation steps were accompanied with biological assays. PCE was chromatographed on a reversed phase silica gel (RP-18) column, and eluted with MeOH-H 2 O mixture (MeOH 50-100%, v/v, step gradient) that produced three different fractions (PCE1 to PCE3). PCE1 was chromatographed on a silica gel column eluting with CHCl 3 -MeOH mixture (MeOH 5-100%, v/v, step gradient) and afforded an active fraction (PCE1-3) from six sub-fractions (PCE1-1 to PCE1-6). PCE1-3 was again chromatographed on a RP-18 column eluting with MeOH-H 2 O mixture (MeOH 30-100% step gradient) and yielded seven sub-fractions (PCE1-3a to PCE1-3g). The active sub-fraction PCE1-3e was chromatographed on a silica gel column eluting with hexane-ethylacetate-methanol mixture (2/2/9, v/v/v) to give nine sub-fractions (PCE1-3e-1 to PCE1-3e-9). As active compounds responsible for JAK/STAT signalling inhibition, Nb-(p-coumaroyl)serotonin and Nb-(p-feruloyl)serotonin were isolated from the fractions of PCE1-3e-4 and PCE1-3e-6 respectively, using a preparative high performance liquid chromatography (HPLC) system (RP-18, elution: MeOH/H 2 O, 1/1, v/v). To obtain small molecules that show more potency at blocking JAK/STAT signalling, MS-1020, Nb-(a-hydroxynaphthoyl)serotonin was synthesized by the chemical reaction between 1-hydroxy-2-naphtoic acid and 1-hydroxybenzotriazole in N,N-dimethylformamide and the solution of serotonin hydrochloride, followed by extraction with ethyl acetate and purification using column chromatography.
Western blot analysis, cell viability assay and apoptosis assay Cell pellets were suspended in a lysis buffer containing 50 mmol/l Tris-HCl, pH 7AE4, 350 mmol/l NaCl, 1% Triton X-100, 0AE5% Nonidet P-40, 10% glycerol, 0AE1% sodium dodecyl sulfate (SDS), 1 mmol/l EDTA, 1 mmol/l EGTA, 1 mmol/l Na 3 VO 4 , 1 mmol/l phenylmethylsulphonyl fluoride (PMSF) and phosphatase inhibitor cocktails on ice. Whole-cell extracts were resolved on SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane, and probed with appropriate antibodies: phospho-JAK3 (Tyr980), JAK3, STAT3, STAT5 and Lyn were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and used at a dilution of 1:500-1:2000. Antibodies specific for phospho-STAT3 (Tyr705), phospho-STAT5 (Tyr694), JAK1, phospho-JAK2 (Tyr1007/1008), JAK2, phospho-Tyk2 (Tyr1054/1055), Tyk2, phospho-Src (Tyr416), phospho-Lyn (Tyr507), phospho-Akt (Ser473), phospho-ERK1/2 (Thr202/Tyr204), phospho-EGFR (Tyr1068), poly (ADP-ribose) polymerase (PARP), caspase-3, Bcl-2, Bcl-xL, Mcl-1, survivin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Cell Signaling Technology (Danvers, MA, USA) and used at a dilution of 1:1000-1:2500. Phospho-JAK1 (Tyr1022/1023) antibody was obtained from Upstate Chemicon (Temecula, CA, USA) and used at a dilution of 1:1000. Membranes were blocked in 5% non-fat dried milk in Tris-buffered saline (pH 7AE4) containing 0AE1% Tween 20 (TBST) for 1 h and subsequently incubated with primary antibodies diluted in TBST at 4°C for overnight. Membranes were then probed with horseradish peroxidase-conjugated secondary antibodies and developed using Enhanced Chemiluminescence Reagent (GE Healthcare Bio-Sciences, Piscataway, NJ, USA).
For cell viability assay, L540 and HDLM-2 cells (5 · 10 4 cells/ml) were treated with either vehicle (dimethylsulphoxide; DMSO) alone, MS-1020 at different concentrations, or the pan-JAK inhibitor AG490 (100 lmol/l) and incubated for the indicated time periods. Trypan blue exclusion assay was performed to count viable cells. For apoptosis assay, Terminal Transferase dUTP Nick End Labelling (TUNEL) assay was conducted as described (Kim et al, 2008) . Briefly, L540 cells (1AE0 · 10 6 cells/ml) were treated with either vehicle (DMSO) alone or MS-1020 at various concentrations ranging up to 50 lmol/l for 72 h, stained using an APO-BRDU kit (Phoenix Flow Systems, Inc., San Diego, CA, USA), and subsequently subjected to Elite ESP flow cytometry (Coulter Inc., Miami, FL, USA).
To demonstrate that MS-1020-induced apoptosis in L540 cells resulted from reduced JAK3 activity, the effect of JAK3 siRNA treatment on the expression of anti-apoptotic genes was examined. Human JAK3 siRNA and scrambled siRNA were purchased from Santa Cruz Biotechnology. L540 cells were transfected by electroporation using an Amaxa Nucleofector (Lonza Walkerrsville Inc., Walkersville, MD, USA).
Purification of recombinant His-tagged STAT3a protein and in vitro kinase assay
A full-length STAT3a cDNA was PCR-amplified using the primers; 5¢-CACGGATCCGCCCAATGGAATCAGCTACAG-3¢ and 5¢-ATTAAGCTTCATGGGGGAGGTAGCGCACTC-3¢ and a pcDNA-Myc-STAT3a plasmid as a template. The PCR products were sub-cloned into the pQE-30 expression vector (Qiagen) using BamHI and HindIII restriction sites to make a pQE-30-His-tagged STAT3a plasmid. The E. coli. M15[pREP4] cells (Qiagen) were transformed with the plasmid and cultured with 0AE1 mmol/l isopropyl-beta-d-thiogalactopyranoside (IPTG). Recombinant His-tagged STAT3a was purified using the TALON Metal Affinity Resin kit (Clontech, Mountain View, CA, USA), according to the manufacturer's protocol and used as a substrate for in vitro kinase assay.
For JAK kinase assay, L540 or HDLM-2 cells were lysed in a lysis buffer containing 20 mmol/l Tris-HCl, pH 7AE4, 500 mmol/l NaCl, 0AE25% Triton X-100, 1 mmol/l EDTA, 1 mmol/l EGTA, 10 mmol/l b-glycerophosphate, 1 mmol/l dithiotreitol (DTT), 300 lmol/l Na 3 VO 4 , 1 mmol/l PMSF and phosphatase inhibitor cocktails, and pre-cleared with protein A/G-sepharose for 2 h at 4°C. The lysates were then incubated with anti-JAK2 or anti-JAK3 antibody overnight at 4°C, and the immune complexes were precipitated by protein A/G-sepharose beads. The precipitates were washed with kinase buffer (25 mmol/l Tris/HCl, pH 7AE5, 20 mmol/l b-glycerophosphate, 10 mmol/l MgCl 2 , 2 mmol/l DTT, 1 mmol/l Na 3 VO 4 and protease inhibitor cocktail). Kinase reaction was subsequently performed by the addition of either vehicle (DMSO) alone, MS-1020 at different concentrations or AG490, 2 lg His-tagged STAT3a proteins and 2 lmol/l ATP (20 lmol/l ATP for competition experiments) for 30 min at 30°C. The reaction products were subjected to SDS-PAGE and probed with antibodies specific for phospho-STAT3, STAT3, JAK2, or JAK3.
Results
Identification of plant extracts that inhibit JAK/STAT signalling in cultured Drosophila cells
We previously showed that a cultured Drosophila cell line could be a useful tool for identifying the small molecule inhibitors of JAK/STAT signalling, at least in part due to the reduced redundancy of JAK/STAT pathway core components in the Drosophila genome compared to those in mammalian genomes (Kim et al, 2008) . The JAK/STAT pathway in Drosophila consists of only one JAK called Hop and one STAT called STAT92E. STAT92E is most similar to STAT3 and 5 (Zeidler et al, 2000) , and is thought to regulate transcription in a manner similar to that observed by mammalian STATs (Arbouzova & Zeidler, 2006) , thus making STAT92E a useful model to identify small molecules that inhibit JAK/STAT transcriptional output (Kim et al, 2008) . To identify such molecules, we carried out a cell-based high throughput chemical screening using a library of 3600 crude extracts from various plant species grown in the Korean Peninsula and a cultured Drosophila cell line that stably expresses both the STAT92E transcriptional reporter and the PolIII-Renilla gene (Kim et al, 2008) . These cells were co-cultured for 24 h with Upd (cytokine)-producing cells in the presence of the library of crude extracts at 300 lg/ml (see Materials and methods). The reporter activity was quantified by measuring RLU. The screen results indicated the inhibitory effects of products extracted from P. communis, Trin. on the reporter activity ( Fig 1A) . These extracts blocked Upd-induced STAT92E transcriptional activity in a dose-dependent manner, but did not show any cytotoxicity up to 300 lg/ml, which was determined by monitoring the activity of Renilla luciferase.
A preparative HPLC system was employed to isolate active compounds from this plant extract, and two compounds, Nb-(p-coumaroyl)serotonin and Nb-(p-feruloyl)serotonin were identified (see Materials and methods; Fig 1B) . As the 50% inhibitory concentration (IC 50 ) values of these two compounds were between 50 and 70 lmol/l (data not shown), we attempted to synthesize the derivatives of these compounds to obtain small molecules that showed better potency for inhibiting JAK/STAT signalling (see Materials and methods). MS-1020, Nb-(a-hydroxynaphthoyl)serotonin was synthesized (Fig 1B) , and this reagent potently blocked Updinduced STAT92E signalling (Fig 1C) . Treatment with 30 lmol/l MS-1020 reduced the reporter activity by more than 50%, whereas 50 lmol/l MS-1020 blocked STAT92E transcriptional activity back to the level observed with vehicle (DMSO) alone. As tyrosine phosphorylation is a key step in STAT transcriptional activation on cytokine/receptor stimulation, we next assessed if MS-1020 inhibited tyrosine phosphorylated STAT92E levels. As expected, 50 lmol/l MS-1020 almost completely abrogated Upd-induced STAT92E phosphorylation (data not shown). These results suggest that MS-1020 is a novel inhibitor of JAK/STAT signalling in Drosophila. 
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MS-1020 inhibits STAT signalling in cancer cells with constitutive JAK3 activity
We next assessed whether MS-1020 also blocked STAT signalling in human cells. We first examined the effects of MS-1020 on the activity of STAT3, which is the most common form found in human cancers (Darnell, 2005) . In these experiments, we used the Hodgkin lymphoma cell lines, L540 and HLDM-2 and a breast cancer cell line MDA-MB-468 because these cell lines contain high levels of persistently-active STAT3. Phospho-STAT3 was detected using an antibody specific for phospho-STAT3
Y705 . MS-1020 showed ability to reduce tyrosine phosphorylated STAT3 levels in a dosedependent manner in L540 cells (Fig 2A, lane 1) . Treatment with 30 lmol/l MS-1020 abolished phosphorylated STAT3 levels by more than 70%, whereas total STAT3 levels remained unchanged at the concentrations up to 50 lmol/l (Fig 2A,  lane 1 and 2) . Interestingly, treatment with 50 lmol/l MS-1020 failed to inhibit constitutively-active STAT3 in HDLM-2 and MDA-MB-468 cells (Fig 2B and C, lane 1) . On the other hand, the pan-JAK inhibitor AG490 effectively suppressed constitutively-active STAT3 in all cell lines tested (Fig 2A-C, lane 1) .
To gain further insights into the mechanisms of MS-1020 on STAT3 inhibition, we next examined whether MS-1020 affected the activity of JAK family members, which are key upstream regulators of STAT3 signalling (Levy & Darnell, 2002) . We used phospho-specific JAK1, 2 and 3 antibodies. In L540 cells tyrosine phosphorylated JAK1 and JAK2 levels were below the levels of detection, whereas persistently-active JAK3 was strongly apparent. JAK3 activation was abrogated by MS-1020 treatment in a dose-dependent manner (Fig 2A,  lanes 3-8) . Phospho-JAK3 was almost completely suppressed at the 30 lmol/l concentration of MS-1020 that induced a dramatic reduction of phosphotyrosine STAT3 levels (Fig 2A,  lane 1) . Conversely, we found no inhibitory effects of MS-1020 at concentrations up to 50 lmol/l in HDLM-2 and MDA-MB-468 cells, which contain constitutively-active forms of JAKs 1 and 2 but not 3 (Fig 2B and C, lanes 3-8) . This observation is consistent with the finding that 50 lmol/l MS-1020 did not induce any significant reduction of STAT3 phosphorylation levels in HDLM-2 and MDA-MB-468 cells (Fig 2B and C, lane  1) . In contrast, the pan-JAK inhibitor AG490 non-selectively inhibited the phosphorylation levels of all JAK kinases tested in those cells. We next examined the effects of MS-1020 on other JAK kinase member, Tyk2 (Velazquez et al, 1992) . The U266 myeloma cells were pre-treated with MS-1020 and then activated by IFN-a for 30 min. While AG490 completely blocked IFN-a-induced Tyk2 phosphorylation, treatment with MS-1020 showed no effect on phosphorylated Tyk2 levels ( Fig S1) . STAT3 Y705 activation has also been shown to be mediated by other oncogenic kinases, including some Src family tyrosine kinases (Parsons & Parsons, 2004) . We first assessed if Whole cell extracts were processed for Western blot analysis using antibodies specific for the molecules indicated. Treatment with MS-1020 inhibited constitutively-active STAT3 in a cell type-dependent manner (lanes 1 and 2). Interestingly, MS-1020 effectively decreased phosphotyrosine JAK3 levels, and showed selectivity for JAK3 over other JAK kinases and oncogenic pathway components, such as Src, Lyn, Akt, EGFR and ERK1/2 (lanes 3-13), suggesting the selectivity of MS-1020 for JAK3. These results are consistent with the finding that MS-1020 abrogated persistently-active STAT3 in cells only with hyper-activated JAK3, such as L540 cells. GAPDH served as a loading control.
MS-1020 can inhibit Src kinases by treating L540, HDLM-2 and MDA-MB-468 cells with up to 50 lmol/l MS-1020; these concentrations did not affect phosphorylated levels of Src and Lyn (Fig 2, lane 9 and 10). We also examined the effects of MS-1020 on the activation of the serine/threonine kinase Akt and tyrosine kinase EGFR, and found that this reagent has no inhibitory effects on phospho-Akt and phospho-EGFR levels at concentrations up to 50 lmol/l (Fig 2, lane 11 and 12) . STAT activity has been reported to be regulated by Ras/Raf/MEK/ ERK (Steelman et al, 2004; Diaz et al, 2006) . We thus examined whether MS-1020 can affect ERK1/2 activation. The phosphorylation of ERK1/2 levels was not altered after the treatment of MS-1020 at concentrations up to 50 lmol/l in both HDLM-2 and MDA-MB-468 cell lines (Fig 2B and C,  lane 13) . However, L540 cells showed upregulation of phospho-ERK1/2 levels in a dose-dependent manner (Fig 2A,  lane 13 ). JAK signalling is required for G 2 -M transition with the inhibition of ERK1/2, and thus JAK inhibition lead to an increase in ERK1/2 phosphorylation levels in HL-60 myeloblastic leukaemia cells (Reiterer & Yen, 2006) . Therefore, our observation suggests that the upregulation of ERK1/2 phosphorylation levels in MS-1020-treated L540 cells resulted from the disruption of G 2 -M transition. Nonetheless, our results strongly suggest that MS-1020 blocks STAT3 signalling through inhibiting upstream regulator JAK3.
MS-1020 blocks STAT signalling induced by intreleukin (IL)-2 in rat T-lymphocyte Nb2 cells
JAK2 plays a pivotal role in signal transductions through the highly related receptors for cytokines and some hormones, including IL-3, Epo (erythropoietin), GM-CSF (granulocytemacrophage colony-stimulating factor), PRL (prolactin), and growth hormone (Chilton & Hewetson, 2005; Pesu et al, 2008) . In particular, PRL receptors are considered selective activators of JAK2 but not of JAK1, JAK3, or Tyk2 (Neilson et al, 2007) . On the other hand, JAK3 is known to be activated through the association with only the shared common gamma chain (cc) of IL-2, IL-4, IL-9, IL-15 and IL-21 receptors (O'Shea et al, 2004; Pesu et al, 2005) . In the rat pre-T lymphoma Nb2 cells, JAK2 undergoes rapid and transient tyrosine phosphorylation in response to PRL, whereas JAK3 becomes tyrosine phosphorylated upon IL-2 stimulation Rui et al, 1994) . Therefore, Nb2 cells can serve as a practical cellular model for comparative studies of PRL-and IL-2-induced signal transduction . To assess if MS-1020 has selectivity for JAK3 inhibition, we examined the effects of this compound on STAT5 signalling induced by PRL or IL-2 stimulation in Nb2 cells. Cells were incubated in RPMI 1640 medium with 5% gelded horse serum and 1· ITS (insulin-transferrin-sodium selenite) liquid media for starvation in the presence of MS-1020 for 16 h, and then stimulated by PRL or IL-2 for 10 min. AG490, a pan-JAK inhibitor, was used as a control. While phosphorylated STAT5 was barely detected in cells without stimulation, a dramatic increase was detected in phosphorylated STAT5 levels in response to either PRL or IL-2 treatment (Fig 3A and B) . As expected, AG490 non-selectively blocked the tyrosine phosphorylation of STAT5 induced by either PRL or IL-2 (Fig 3A and B) . In contrast, MS-1020 treatment at concentrations up to 50 lmol/l did not result in a significant reduction of PRL-induced STAT5 phosphorylation. In contrast, this compound efficiently inhibited IL-2-induced STAT5 phosphorylation via JAK3 in a dose-dependent manner. In fact, IL-2-induced STAT5 phosphorylation was almost undetectable at 50 lmol/l of MS-1020 (Fig 3B) . These findings are consistent with our previous observation that MS-1020 selectively inhibits JAK3/STAT signalling (Fig 2) .
MS-1020 selectively affects cell viability harbouring constitutively-active JAK3
Given that the inhibition of JAK/STAT signalling was reported to decrease cancer cell survival (Epling-Burnette et al, 2001; Mahboubi et al, 2001; Battle & Frank, 2002) and MS-1020 is considered a selective JAK3/STAT signalling inhibitor, we hypothesized that treatment with MS-1020 would affect cell viability only in cancer cells with constitutive JAK3/STAT activity. To test this hypothesis, we examined the effects of MS-1020 on cell survival in Hodgkin lymphoma L540 and HDLM-2 cells, which express persistently-active JAK3/STATs and JAK1/JAK2/STATs respectively (Fig 2A and B) . Cells were treated with either vehicle (DMSO) alone, MS-1020 at various concentrations, or AG490 as a control. While AG490 decreased cell survival in both cell lines, MS-1020 promoted cell death in a time-and dose-dependent manner only in L540 cells, which express constitutive-active JAK3, but not HDLM-2 cells, which do not express constitutive-active JAK3 (Fig 3C and D) .
MS-1020 directly blocks JAK3 kinase activity
To obtain more insight into the mechanism by which MS-1020 inhibits JAK3, we next performed in vitro kinase assays using recombinant His-tagged STAT3a proteins as a substrate. JAK2 and JAK3 were immunoprecipitated from HDLM-2 and L540 cell lysates, respectively. Each immunprecipitate was incubated with His-tagged STAT3a protein in the absence or presence of MS-1020 at various concentrations. Both JAK2 and JAK3 immunoprecipitates were found to efficiently phosphorylate His-tagged STAT3a protein in the absence of MS-1020. However, the addition of MS-1020 to the JAK3 kinase reactions effectively blocked His-tagged STAT3a tyrosine phosphorylation in a dose-dependent manner, whereas MS-1020 did not affect JAK2 kinase reactions (Fig 4A and B) . These results suggest that MS-1020 binds directly with JAK3 and suppresses its catalytic activity. To examine the biochemical mechanism of action of MS-1020 on JAK3 inhibition, we investigated the effects of a 10-fold higher ATP concentration on JAK3 inhibition of this compound, and found that MS-1020 was an ATP-competitive JAK3 inhibitor (Fig 4B) . Taken together, our data suggest that MS-1020 selectively inhibits JAK3 catalytic activity and subsequently leads to a block in STAT activation, and thus affects cell viability only in cancer cells with active JAK3/STAT signalling.
MS-1020 downregulates the expression of anti-apoptotic genes and induces apoptosis
Aberrant JAK/STAT signalling is thought to upregulate the expression of anti-apoptotic genes and thus enable cancer cells to escape cancer treatment (Epling-Burnette et al, 2001; Mahboubi et al, 2001; Battle & Frank, 2002) . To demonstrate that the decreased cell viability in MS-1020-treated L540 cells resulted from the induction of apoptosis, we first conducted a terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay. Cells were treated with vehicle (DMSO) alone or MS-1020 at various concentrations for 72 h. As shown in Fig 5A, TUNEL-positive cells were increased about 25-fold in 50 lmol/l MS-1020-treated cells compared with controls (Fig 5A) . The cleavage of PARP and cleaved caspase-3, both hallmarks of apoptosis, were substantially increased by MS-1020 in a dose-dependent manner (Fig 5B) (Decker et al, 2000) .
To a better understand how MS-1020 affects apoptosis, we examined the effects of this reagent on the expression of antiapoptotic genes, which are known STAT3 targets. L540 cells were treated with MS-1020 at various concentrations for 48 h. Whole-cell extracts were processed for Western blot analysis using antibodies specific for Bcl-2, Bcl-xL, Mcl-1 and survivin. As expected, the expression of these anti-apoptotic genes was inhibited by treatment with MS-1020 in a dose-dependent manner (Fig 5C) . These results suggest that MS-1020 decreases cancer cell survival by inducing programmed cell death via downregulating the expression of anti-apoptotic genes.
Given that MS-1020 inhibited JAK3/STAT signalling and induced apoptosis in L540 cells, we hypothesized that MS-1020-induced apoptosis resulted from JAK3 inhibition. To test this hypothesis, we treated L540 cells with either scrambled siRNA or JAK3 siRNA, and examined the effects of reduced JAK3 activity on anti-apoptotic gene expression. The expression of Bcl-xL, Mcl-1 and survivin was reduced in JAK3 siRNA-treated L540 cells compared with controls (Fig 5D) .
Discussion
The mammalian genomes encode multiple isoforms (four JAKs and seven STATs) of core JAK/STAT pathway components, many of which are co-expressed within the same cells and can form dimers to trigger a variety of specific effects in response to a diverse range of stimuli (Levy & Darnell, 2002) . By contrast, the fruit fly Drosophila consists of only one JAK and one STAT, and thus can serve as an excellent model organism to identify the small molecule inhibitors of JAK/ STAT signalling due to the low levels of redundancy within individual components of the JAK/STAT pathway (Arbouzova & Zeidler, 2006) . Importantly, despite the simplicity of the Drosophila JAK/STAT pathway, molecular and functional analyses clearly indicate that the mode of action of the JAK/ STAT pathway in Drosophila is similar to that of in mammals. (Hou et al, 2002; Bach et al, 2003; Arbouzova & Zeidler, 2006) . To identify small molecule inhibitors of the JAK/STAT pathway, we performed a cell-based high throughput screen using a Drosophila cell line and identified Nb-(a-hydroxynaphthoyl)serotonin (MS-1020) as a JAK3/STAT signalling inhibitor. MS-1020 is a derivative of Nb-(p-feruloyl)serotonin, which was isolated from the extracts of P. communis, Trin. Interestingly, the 'Reed' is one of the common aquatic plants and has long been used as the source of folk medicine to treat diseases, such as leukaemia, breast cancer, rheumatoid arthritis, diabetes and pulmonosis (Duke, 2000) . In support of this, several conjugated serotonins have been identified from Carthamus tinctorius L. (Kawashima et al, 1998; Takii et al, 1999) and Amorphophallus konjac K. Koch. (Niwa et al, 2000) , and have shown a variety of biological activities in the inhibition of pro-inflammatory cytokine production or tumour cell proliferation (Park & Schoene, 2002; Roh et al, 2004; Kang et al, 2009) .
JAKs are crucial in the signal transduction processes mediated by many cytokines, growth factors and interleukins (Chilton & Hewetson, 2005; Schindler et al, 2007) . JAK3 expression is preferentially expressed in leucocytes. By contrast, other JAK family members show relatively ubiquitous expression. Furthermore, JAK3 has been shown to mediate signals through the cc chain shared by IL-2, IL-4, IL-7, IL-9 and IL-15 receptors in lymphoid cells, and the inhibition of JAK3 activity induces severe defects in T cell development and proliferation, suggesting the critical role of JAK3 in haematopoiesis (O'Shea et al, 2004; Pesu et al, 2005) . Recent studies identified somatic mutations of JAK3 in a minority of AMKL patients and in AMKL-derived cell lines (Walters et al, 2006; Kiyoi et al, 2007; Malinge et al, 2008; Sato et al, 2008) . Functional analysis of the JAK3 mutations showed that each of the mutations can transform Ba/F3 cells to factor-independent growth, indicating that these are JAK3 activating mutations. In particular, in vivo expression of JAK3 A572V has been shown to cause a lethal haematopoietic malignancy with megakaryoblastic features, which include the infiltration of abnormally high numbers of megakaryocytes in the spleen and liver (Walters et al, 2006) . Interestingly, an additional somatic mutation was recently reported in a high-risk childhood acute lymphoblastic leukaemia case, even though functional consequence of this mutation remains undetermined (Mullighan et al, 2009 ). These observations, together with the restrictive lymphoid expression of JAK3, strongly suggest that JAK3 mutations contribute to the pathogenesis of haematopoietic malignancies and that inhibition of JAK3 is a logical target for therapeutic intervention in the malignancies with mutated JAK3 alleles. Several JAK3 inhibitors have indeed been identified in recent years, and the potential clinical use of these JAK3 inhibitors, including WHI-P154, PNU156804, NC1153 and CP-690550, in blood malignancies and immunosuppression has been implicated by numerous studies (Sudbeck et al, 1999; Stepkowski et al, 2002 Stepkowski et al, , 2005 Changelian et al, 2003) . Botanical herbs have long been used as the source of folk medicine for the treatment of diseases, including leukaemia, diabetes and cardiovascular and liver disease (Eisenbrand et al, 2004; Grover & Yadav, 2004; Zhou et al, 2005; Stickel & Schuppan, 2007) . These published observations clearly demonstrate the importance of natural products as a primary source for drug discovery and development in targeting human diseases. The compound MS-1020, identified and characterized in this study, is a synthetic compound derived from the extracts of P. communis, Trin. Our study showed, for the first time, that MS-1020 showed selective inhibition for JAK3 activity when compared with other JAK kinase members or with other oncogenic kinases, such as Src kinases, Akt, EGFR and ERK1/2 (Figs 2 and S1 ). However, the specificity of MS-1020 for JAK3 still needs to be fully examined by evaluating the effects of this compound on a large panel of tyrosine and serine/threonine kinases in vitro. Nonetheless, MS-1020 was identified as an early lead compound that selectively inhibits JAK3/STAT signalling. Therefore, MS-1020 can be used as a starting point to develop a new class of drugs targeting aberrant JAK3/STAT signalling and can be used a pharmacological anti-cancer agent to target cancer cells harbouring constitutively-active JAK3/STAT signalling.
